Based on three-dimensional, unsteady, compressible and RNG k-ε turbulence model, the train-induced slipstream inside the tunnel is numerically investigated using CFD software FLUENT. The characteristics of the slipstream at two sides of the tunnel and the three components of the slipstream were analyzed. The spatial distribution of the maximum slipstream velocity in the longitudinal, horizontal and vertical direction were presented. Results showed that the train-induced slipstream in the tunnel is mainly one-dimensional flow at longitudinal direction, so the X-component of the slipstream is dominant. The maximum slipstream velocity attenuates with increase of the height above the ground and the increasing distance from the tunnel center line, and the attenuation law is curve-fitted by quadratic function.
INTRODUCTION
When a train is running at high speed in the open air, due to the air friction drag by the train surface and the pressure difference drag between head and tail, the air surrounding the two sides, top and bottom of the train body will be forced to move accordingly, this phenomenon is so-called slipstream or train wind [1] . The slipstream caused by train passage in the open air has been widely studied recently [2] . However, when a high-speed train suddenly enters into a tunnel from the open air, due to the confinement of tunnel wall, the air cannot be released timely like in the open air [3] . A compression wave is formed and propagates forwards at sonic speed (340 m/s), the local airflow inside the tunnel will be accelerated once the compression wave arrives. Similarly, when the tail enters into the tunnel, an expansion wave is formed and propagates forwards, producing a negative pressure region at the train tail. The air behind the train tail will be propelled to move forward due to the suction force. The phenomenon is just like the movement of the compressed air in the cylinder stator, so the airflow in a tunnel induced by train passage can also be called piston wind [4] . This unsteady flow field will maintain a while even after the train passage due to the wake flow, which is considered as the key factor to slipstream [5] . With the increase of train speed, the piston wind in the tunnel becomes more serious and significant. The train-induced slipstream leads to many adverse impacts such as threat to the maintenance workers and facilities in the tunnel. In this work, based on three-dimensional numerical simulation and sliding mesh technique, the characteristics of three components of the slipstream in the tunnel and the spatial distributions of the maximum slipstream velocity are fully analyzed. The research output is expected to be certain guidance and reference for establishing relevant standards of the train-induced slipstream in the tunnel.
NUMERICAL SIMULATION

Numerical model
In this paper, the EMU of CRH380A is employed as the high-speed train model, as shown in Fig. 1 . The total length, height and width of the EMU model is 203 m, 3.9 m and 3.38 m, respectively. The cross-sectional area of the carriage is 11.416 m 2 . The train speed is set to 350 km/h, which is the maximum operation speed of high-speed train in China. The tunnel chosen in this work is a double-track tunnel both for passenger and freight line in China, whose cross-sectional area is 80 m 2 , and the distance between the centers of the tracks is 4.4 m, as shown in Fig. 2 . 
As presented in Fig. 3(a) , the computational domain is divided into two zones: the sliding region of zone 1 and the stationary region of zone 2. The sliding region zone 1 is a long and thin semi cylinder which contains the entire train while zone 2 contains the tunnel domain and the external domain. As shown in Fig. 3(b) , the external domain is simulated as two rectangular blocks to ensure that the flow near the tunnel portals is not affected by the external domain. The sliding mesh technique is implemented between zone 1 and zone 2 through a pair of grid interfaces to realize the relative movement and data exchange [6] . The train is initially placed 50 m from the tunnel entry to ensure the stability of the flow field when the train suddenly moves into the tunnel from open air. The sliding region zone 1 is treated as tetrahedral element due to the complex shape of the train. The fixed region zone 2 is discretized by hexahedral grid. The surface grid of the head car and tunnel portal are demonstrated in Fig. 4 . The total number of the grid elements is about 2.8×10 7 . Commercial software FLUENT is utilized to simulate the whole train movement through the tunnel. Fig. 3 (a) also presents the boundary conditions used in the numerical simulation, the no-slip wall boundary condition is applied for the tunnel wall, the train surface and the ground. The pressure outlet boundary condition is added to the external domain and both ends of zone 2, as well as the outlet of zone 1. The pressure inlet boundary is applied for the inlet of the sliding region of zone 1. 
Monitoring point layout
As shown in Fig. 5 and 
RESULTS AND DISCUSSION
Characteristics of the slipstream at two sides of the tunnel
Due to a single train passing through a double-track railway tunnel, the flow field at two sides of the tunnel is not symmetrical. As demonstrated in Fig. 7 , two locations are chosen to explore the characteristics of the slipstream at two sides of the tunnel: X=200 m and X=400 m. From the two figures, the maximum velocities of the longitudinal slipstream near train side are both induced by the train tail passage. However, the maximum velocities of the slipstream far from train side are more influenced by the compression wave rather than the train tail passage.
In Fig. 7(a) , the train enters the tunnel at t 0 =0.51 s, producing an initial compression wave which propagates forwards at sonic speed (340 m/s), the local airflow at X=200 m inside the tunnel will be accelerated once the compression wave arrives at t=t 0 +200/340=1.1 s, so the local airflow increases from zero gradually. Similarly, when the train tail enters into the tunnel, an expansion wave is formed and propagates forwards, producing a negative region at the train tail. The air behind the train tail will be propelled to move forward due to the suction force. The entire train movement inside the tunnel is just like a piston: the air in front of train head is pushed forwards with the moving train while the rear air behind the train tail is promptly filled in by the negative pressure suction. In Fig.  7(b) , the train tail enters into the tunnel at t=2.6 s, an expansion wave is developed and propagates forwards. The tail-entry-induced expansion wave arrives at X=400 m at t=3.7 s, as a result, the velocity of the local airflow decreases. When the train head passes (Hp), the airflow near train side first increases then rapidly drops down while the airflow far from train side drops down directly. The slipstream velocities of both sides changed direction because of Hp. When the 8 carriages successively pass, the airflow near train side continuously rises up with fluctuations while the airflow far from train side changes slightly. The reason is that the airflow near train side is more turbulent than the other side due to the more limited space and the influence of the inter-carriage gap is more significant.
The slipstream velocity near train side sharply increases and reaches the maximum when the train tail passes (Tp) 
Characteristics of the slipstream of three-components (X,Y,Z) inside the tunnel
To fully understand the development of the train-induced slipstream of three-components (X,Y,Z) inside the tunnel, the analysis is based on the No.21 point at X=400 m. When the train is entirely running inside the tunnel, due to the pressure difference between the train head and tail, the airflow will be compelled to move at longitudinal direction continuously. The moving train here can be considered as the source of pressure difference. So the airflow inside the tunnel is mainly one dimensional flow, just like the movement of a piston in a thin and long pipe. 
Development characteristics of the slipstream at different directions inside the tunnel
In general, the development of the slipstream inside the tunnel is a typical unsteady process with time. On one hand, it is highly influenced by the reflection and superposition of the pressure waves; on the other hand, the piston effect is also a vital factor affecting the slipstream in the tunnel. The time histories of the longitudinal slipstream velocity at five locations inside the tunnel is shown in Fig.  9(a) . The overall variation of the slipstream at different locations is similar, the maximum velocities all occur at the moment when train tail passes. The slipstream velocity near the tunnel entry such as X=10 m, 50 m is obviously affected by the pressure waves after the train passes. On the contrary, the slipstream velocity further inside the tunnel such as X=500 m, 800 m, 900 m is mainly affected by the pressure waves before the train passes. For the monitoring points near tunnel entry such as X=50 m, the train has not entirely moved into the tunnel, so the maximum slipstream velocity is relatively lower due to the insignificant piston effect. The distribution of the maximum velocity far from train side varies slightly, as shown in Fig. 9(b) . The distribution of the maximum velocity near train side, however, presents comparatively larger fluctuations, and the maximum value among the 11 points occurs at the middle of the tunnel, i.e. X=500 m. In the vertical direction above the ground, time histories of the slipstream velocity of the 7 points are shown in Fig. 10(a) . The slipstream velocity varies greatly at different height above the ground in the vertical direction. Whereas before the train head passes, the slipstream velocities are basically identical. The obvious difference occurs after the train head passes. The slipstream velocities gradually increase from Hp to Tp due to the air friction of the boundary layer near train body. The tail-pass-induced maximum slipstream velocity attenuates with increase of the height above the ground in the vertical direction. The relationship between the vertical distance above the ground and the maximum velocity is plotted in Fig. 12(a) , and the relationship is curve-fitted by quadratic function. The fitted formula and the associated correlation coefficients R are also shown in Fig.  12(a) . For the section B, the maximum slipstream velocity at Z=3.5 m, 2.5 m and 1.5 m is respectively about 31%, 41% and 66% of that at Z=0.5 m. This change trend is mainly attributed to the fact that the friction effect is enhanced when closer to the ground. The slipstream distribution in the horizontal direction also gives results with similar pattern as is shown in Fig. 11 . It is revealed that the longer distance from the train body, the lower slipstream velocity it has. The relationship between the horizontal distance from the tunnel center line and the maximum velocity is plotted in Fig. 12(b) , and the relationship is also curve-fitted by quadratic function. For the section B, the maximum slipstream velocity at Y=5.2 m and 4.7 m is respectively about 31% and 66% of that at Y=4.2 m. 
CONCLUSIONS
(1) The maximum slipstream velocity near train side, which occurs when train tail passes, is much more significant than that far from train side due to the narrower space. The maximum velocity near train side at X=400 m is 38.1 m/s while it is reduces to 7.3 m/s far from train side. 
